We present the first seasonal cycle of gravity wave potential energy densities from ground-based lidar at high northern latitudes (Andenes/Norway, 69 • N, 16 • E) and compare with similar observations performed at middle latitudes (Kühlungsborn/Germany, 54 • N, 12 • E). Potential energy densities are derived from lidar temperature profiles observed with high vertical and temporal resolution at these sites. Both lidars have the unique capability of measuring during day and night, covering an altitude range from 30 to about 80 km. For the years 2012-2016 a total of ∼ 3000 and ∼ 6000 hours of observations were available at Andenes and Kühlungsborn, respectively. This data set was used to determine the seasonal variation of mean gravity wave potential energy densities, E pot . We have applied wavelength and frequency filtering separately to account for potential influence of large scale waves such as tides. Despite the fact that both locations are rather different in terms of latitude, topography, and mean background conditions, the E pot values at both stations are rather similar, i.e. the monthly means deviate by less than a factor of 2. The mean potential energy densities show a clear seasonal variation at both locations with minimum (maximum) values in summer (winter). However, the winter/summer difference is only a factor of ∼ 3. We have compared these lidar results with observations from the SABER (Sounding of the Atmosphere using Broadband Emission Radiometry) satellite instrument and find satisfying agreement considering the differences in observational setup.
two independent power lasers, two receiving telescopes, and one single detection system. The lasers are firing alternatingly to record the data received by the two telescopes, typically pointing in different directions, by one single detection system. The raw data is stored with a resolution of 33 seconds and 50 m in time and range, respectively. It is then integrated to 5 minutes and 150 m altitude resolution, separated for each of the two telescopes (Baumgarten et al., 2015) . This data is smoothed using a running mean with a width of 2 h in time and 1 km in vertical direction. The data from the backscatter signals at the wavelengths 532 nm and 355 nm are used to calculate temperature profiles using the hydrostatic integration technique (Hauchecorne and Chanin, 1980) . The temperatures of the different wavelengths and the two telescopes are then combined by calculating the error weighted mean. We have studied the temperature profiles individually for both telescopes as these are sounding two different parts of the atmosphere separated horizontally by up to 50 km. However no significant difference between the two telescopes were found, likely due to the long averaging time. The processing outlined above yields an oversampling of the temperature profiles with a sampling rate of 5 minutes and 150 m but a resolution of ∆t=2 hours and ∆z=1 km. Temperature profiles are available up to 90 km during night (70 km during day). Data below 30 km is not used for wave analysis in this study due to the occasional presence of the stratospheric aerosol layer at these altitudes (Langenbach et al., 2019) .
Kühlungsborn lidar
A daylight-capable Rayleigh/Mie/Raman lidar has been installed in Kühlungsborn (54.1 • N , 11.8 • E) in 2009 and operated regularly since summer 2010 (Gerding et al., 2016) . About 10800 hours of measurements have been recorded so far. The transmitter consists of a flash lamp pumped, injection-seeded Nd:YAG laser, making use of the second harmonic output at 532 nm. In order to operate during daylight conditions, two etalons are used with Full Width at Half Maximum (FWHM) of 4 and 4.5 pm in combination with a 130 pm interference filter. A narrow field of view of only ∼60 µrad is applied together with an active beam-stabilization on a single-pulse basis. Compared to an earlier version of the lidar, the background has been reduced by more than four orders of magnitude (Gerding et al., 2010) . The daylight filters are used even during nighttime observations to yield a continuous data stream without technical changes. A correction scheme acknowledges the partial blocking of the Doppler-broadened backscatter (Gerding et al., 2016) . The raw data are integrated for 2 h with 15 min oversampling, using detectors with different sensitivities above and below 37 km. Temperature profiles are calculated with an altitude resolution of 195 m and later on down-sampled on a 1 km grid. Finally, the data of both detectors are combined to a single temperature profile.
SABER satellite instrument
The Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) instrument is an infrared emission limb sounder covering the upper troposphere, stratosphere, mesosphere and lower thermosphere. It is one of four instruments on NASA's TIMED (Thermosphere Ionosphere Mesosphere Energetics and Dynamics) satellite (e.g. Mlynczak, 1997; Russell et al., 1999; Yee et al., 2003) . SABER observations started in January 2002 and are still ongoing. SABER temperature observations cover altitudes from below 20 km to well above 90 km with a nearly global coverage. The TIMED satellite performs yaw cycles such that SABER alternates between a southward and a northward viewing geometry every about 60 days. For south-ward viewing the latitude coverage is about 80 • S to 52 • N, somewhat depending on altitude, and about 52 • S to 80 • N for northward viewing. Latitudes between 52 • S -52 • N are observed continuously (Remsberg et al., 2008) . The vertical resolution of SABER temperature profiles is about 2 km and is given by the vertical field of view of the instrument. SABER temperature observations have repeatedly been used for deriving amplitudes, potential energy densities, as well as absolute momentum fluxes of small scale gravity waves (see Ern et al., 2018, and references therein) . In our study we use time series of gravity wave potential energy densities for comparison with lidar data. Details on the procedure how gravity waves are extracted from SABER temperatures, as well as details about the gravity wave data sets used in our study are given in Section 3.2.
Dataset of lidar measurements
A total number of 3718 hours of temperature measurements with ALOMAR lidar have been analyzed within the period of 2012 to 2016. Out of these, only soundings with at least 6 hours of continuous measurement were selected, shorter soundings are ignored. Measurements that last for more than one day are divided into 24 hour segments (Baumgarten et al., 2017) . As a result, 2986 hours (201 days) have been used for our data analysis at ALOMAR. For Kühlungsborn a total of 6251 hours (409 days) of lidar measurements in the years 2012 to 2016 are used. A detailed list of the number of measurement hours and number of soundings used for the seasonal cycle at ALOMAR and Kühlungsborn is provided in Table 1 and Table 2 , respectively.
The number of measurements at ALOMAR is largest in January with 34 measurements, followed by summer months June, July and August with about 27 measurements (see Table 2 ). The smallest number of measurements longer than 6 hours has been obtained in November and December due to bad weather conditions. Because ALOMAR is located north of the Arctic Circle, observations are performed under daytime conditions from mid May to about mid August. On the other hand most of the measurements in winter are done under nighttime conditions. A detailed description of the Kühlungsborn dataset for the subset of 2012 to 2015 is provided in Baumgarten et al. (2017) . For the current study the Kühlungsborn dataset was extended by adding the year 2016.
METHODOLOGY

Lidar data
Temperature data from lidar contain various dynamical atmospheric signatures including a large range of waves with different wavelengths and periods, such as planetary waves, tides, and gravity waves, as well as small scale processes like turbulence.
By averaging the data for 2 hours and 1 km we eliminate the effect of small scale processes and suppress instrumental noise.
We calculate the errors of the temperature measurements from the Poisson noise of the recorded signals by propagating these through all data processing steps. Data points with errors larger than 10 K are excluded from further processing. one from January and one from August. For each of the examples near continuously data is available for a duration of about three days. Remarkable temperature variations are seen throughout the observations in the January cases. For example at ALOMAR the stratopause shows temporarily a double maximum with temperatures from 240 to 270 K. The altitudes of the two maxima are about 40 km and from 45 to 50 km. An abrupt change of temperature occurs about 10 km higher, where temperatures drop down to 190 K around 60 km. At Kühlungsborn a single maximum occurs at around 45 km, however, and successive cold and warm regions of short duration (<4 h) are observed in the lower mesosphere. In contrast, temperatures show less variability in August compared to January at both locations. It should be noted that the Kühlungsborn data from January 2018 is only shown as an example for a long continuous sounding, but it is not included in the later analysis of seasonal variations.
The separation of background temperatures and fluctuations due to gravity waves is not trivial as the background temperature may change with time and altitude. Therefore, different methods are used for gravity wave extraction and each has advantages and disadvantages (e.g. Rauthe et al., 2008; Kaifler et al., 2015; Baumgarten et al., 2017; Chu et al., 2018) . In the following we will make use of the different methods described below to get the most comprehensive results on gravity wave properties.
One common method to study gravity waves in lidar measurements is to subtract a mean temperature profile from observed temperatures (e.g. Rauthe et al., 2008; Ehard et al., 2014) . The mean temperature profile is calculated for each measurement run. Especially for measurement runs shorter than 24 hours the method may not properly separate tides with periods of 24, 12 and 8h from the gravity waves. The remaining fluctuations are interpreted as gravity waves for "unfiltered data".
In order to separate GWs from tides and planetary waves, a different approach is used here. A fifth order high-pass Butterworth filter is applied to every vertical profile of the temperatures with a cut-off wavelength (λ z ) of 15 km. This method has been evaluated by Ehard et al. (2015) . The selection of 15 km is to assure the removal of semi-diurnal tides which have vertical wavelengths of 20 km up to 100 km (e.g. Davis et al., 2013) . Another possibility is to apply the same filter to the temporal domain, with a cut-off period (τ ) of 8 hours, which is sufficient to suppress even the terdiurnal tide. Both filters have also been used by Baumgarten et al. (2017) for the analysis of the Kühlungsborn data, allowing direct comparison with the results presented here. Fig. 2 provides a schematic illustration of the difference between vertical and temporal filters and the particular spectral coverage. The vertically filtered data include all GWs with periods between integration time and length of the sounding. The temporally filtered data include GWs with long vertical wavelengths, but should remove for example mountain waves due to their low frequencies, i.e. long periods. In general, lidars always observe ground-relative periods, i.e. the periods include potential Doppler-shift of the intrinsic wave periods. To calculate intrinsic parameters winds need to be known (e.g. Baumgarten et al., 2015) . At both stations the GW signatures are rather different in January compared to August in terms of structure, amplitude, and phase propagation. For example, the amplitudes of the fluctuations in January are in the order of 10 K and there is no preferred direction of apparent phase propagation. However, the amplitudes in August (∼ 3 K) are 3 times weaker than those in January, with almost constant and persistent downward propagating phase. Still, there are some differences between temperature fluctuations at ALOMAR and Kühlungsborn. In January at ALOMAR, the fluctuations contain different phase propagation directions, i.e. stationary in the first 24 hrs (35 -50 km), downward in the next 36 hrs (35 -50 km), and a mixture of upward and downward phases above that range, i.e. between 50 and 65 km. However, at Kühlungsborn, seemingly persistent stationary waves are visible in the altitude range 30 -50 km. Again, the phase structure in the lower mesosphere is rather irregular. In August we observed continuously downward propagating phases (seemingly upward propagating waves). The tilt of the phase propagation is steeper at ALOMAR compared to Kühlungsborn.
A widely used value to quantify gravity wave activity based on temperature fluctuations is the Gravity Wave Potential Energy Density (GWPED). There are two forms commonly used, namely, potential energy density per unit mass and per unit volume, given by the following equations (Nappo, 2002; Gill, 1982) :
where g is the gravitational acceleration. N is the Buoyancy (Brunt-Väisälä) frequency calculated from measured background temperatures:
where c p is the heat capacity of dry air under constant pressure. T and T 0 are residual and background temperature measurements, respectively, andρ is the daily average density profile of the atmosphere estimated from NRLMSISE-00 model (Picone et al., 2002) .
The potential energy density per unit mass can be directly evaluated from measurements. Usually, temperature fluctuations due to gravity waves increase with altitude to compensate for density decay. This leads to an increase of GWPED per mass with altitude. If we multiply by the density profile, we get the GWPED per volume, which is assumed to be constant with altitude under the assumption that GW properties like vertical wavelength do not change and that waves do not dissipate. Within this study, we are going to use the quantity GWPED per unit volume. Fig. 4 shows the GWPED for the same January and August cases mentioned before at ALOMAR and Kühlungsborn, averaged by running mean over 5 km. We used the three previously mentioned methods to calculate unfiltered, vertically, and temporally filtered temperature fluctuations to derive the potential energy density. Overall, for each particular method we see larger GWPED in January compared to August in both locations. Because the potential energy density is mainly a function of relative temperature perturbations, the unfiltered method exhibits higher GWPED than the other both filtered methods. The reason is that the unfiltered data contains a larger portion of the whole spectrum of gravity waves than the other data sets, as well as some contributions due to tides. At ALOMAR in January, GWPED generally decreases with height, while in August, it reduces only up to around 55 km and then it becomes almost constant. Under the assumption of uniform background temperature and winds as well as pure-vertical wave propagation, the altitudinal decrease of GWPED indicates energy dissipation, while a constant GWPED refers to undamped wave propagation. At Kühlungsborn in January, the development of the energy density with altitude is different from ALOMAR. Several maxima occur in the vertically filtered and in the unfiltered GWPED. This is due to the stationary waves seen in the fluctuations (see Fig. 3 ). In August, the energy decreases only up to 40 km for the unfiltered data, and up to 50 km for the vertically filtered data, then became constant with altitude.
SABER data
SABER temperatures are analyzed employing the algorithms described by Preusse et al. (2002) ; Ern et al. (2011 Ern et al. ( , 2018 . To isolate gravity waves from observations, the large scale background temperature has to be estimated for each temperature profile. For this purpose, 2D spectra in longitude and time are calculated in a set of overlapping 31-day time windows for a set of fixed latitudes and altitudes. From these zonal wavenumbers / wave frequencies spectra, the contribution of global-scale waves is reconstructed at the exact location and time of each observation in every vertical temperature profile observed by SABER. Temperature fluctuations due to gravity waves are obtained by subtracting this contribution of global-scale waves, as well as an estimate of zonally averaged temperature, from the original profiles. This approach is capable of removing globalscale waves of zonal wavenumbers 1-6 and waves with periods as short as 1-2 days. Further, we make use of the fact that satellites, measuring at fixed local solar times, observe tides as quasi-stationary wave patterns if ascending (satellite is flying northward) and descending (satellite is flying southward) parts of the orbit are treated separately. All tidal components which appear as stationary planetary waves up to waves with zonal wave number 4 (at a fixed given local solar time) are taken into account. The contribution from tides, therefore, includes not only diurnal tides, but also semi-diurnal tides, terdiurnal tides, etc. . In addition, the altitude profiles are low-pass filtered to remove very long vertical wavelengths. The resulting residual temperatures are considered to be due to gravity waves. Overall, the SABER gravity wave data set used here contains gravity waves with horizontal wavelengths longer than about 100-200 km, and vertical wavelengths in the range 4-25 km (an approximate sensitivity function is given in Ern et al., 2018) . We use Eq. 2 to calculate GWPED based on SABER background temperatures and SABER gravity wave temperature variances.
SABER "local" data presented in this study is gridded for the two specific locations of Kühlungsborn and ALOMAR. For Kühlungsborn, a longitude bin of 5 • W to 25 • E, and a latitude bin of 48 • N to 60 • N are used to provide continuous data over the location, and to avoid the mountain wave activity from Scandinavia. For ALOMAR, a longitude bin of 0 • to 30 • E, and a latitude bin of 63 • N to 75 • N are applied to have a similar magnitude of latitude and longitude extent to Kühlungsborn. These SABER time series have a time step of 1 day, however, always 5 days of data are combined and attributed to the centeral day of a 5-day time interval. We select the time period of 2012 -2016 from SABER data as for the lidar data.
RESULTS
In this section we present the features of GWPED seasonal variation derived from lidar and SABER data. Besides, we quantify the amplitude of variability between winter and summer values from both data sets and finally we address the latitudinal differences from lidar and SABER observations.
Seasonal variation of GWPED from ALOMAR and Kühlungsborn
The seasonal variability of GWPED using RMR lidar measurements above ALOMAR and Kühlungsborn is derived for the period 2012 -2016. We focus on the calculation of GWPED in the altitude ranges 35 -40 km, 45 -50 km and 55 -60 km.
The selection of such ranges allows to compare directly with the results from Baumgarten et al. (2017) for Kühlungsborn.
Daily means of GWPED are averaged for particular months at each year. The five years are then averaged to obtain the seasonal variation of GWPED. This has been performed on a total number of 2986 hours measured at ALOMAR and 6251 hours measured at Kühlungsborn. Besides the annual averages, standard deviations are also provided to show the year to year variability around a certain monthly mean value. The results are shown in Fig. 5 based on unfiltered, vertically filtered (GWs with λ z < 15 km) and temporally filtered (GWs with τ < 8h) data.
In the unfiltered data, the potential energy density exhibits an annual cycle with a summer minimum and a winter maximum at all altitudes. The potential energy density decreases with altitude, indicating a damped wave propagation under the assumption that changes in background wind and stability are not substantial (e.g. Whiteway and Carswell, 1995) . As we mentioned previously, this data may contain a superposition of tides and gravity waves.
Vertically filtered data shows a more pronounced seasonal variation, and lower energy densities than the unfiltered data (see Fig. 5(b) ). The main difference to the unfiltered data occurs in summer particularly at high altitudes (55 -60 km), where the potential energy shows the lowest values. This might suggest that fewer gravity waves with vertical wavelengths < 15 km are propagating to higher altitudes in summer than in winter.
In contrast to vertically filtered data, the GWPED of the temporally filtered data (τ < 8 h) exhibits no annual cycle with an almost constant GWPED throughout the year (Fig. 5(c) ). At high altitudes in June and July the potential energy density of the temporally filtered data is larger compared to the vertically filtered data and hence contributes more to the unfiltered energy density.
Interestingly, despite the difference in mean background temperatures, the geographic location, and the topography around the stations, we found a large agreement between the results from ALOMAR and Kühlungsborn. Both locations show an annual cycle in the unfiltered and vertically filtered data for all altitude ranges, and no clear seasonal cycle in the temporally filtered data. Moreover, the ratio of GWPED from Kühlungsborn and ALOMAR (see Fig. 5 (g,h,i)) shows that the values at both stations are rather similar. As there is no clear seasonal cycle seen in the ratio the GWPED values vary in the same way throughout the year at both locations. Monthly mean values deviate typically by less than a factor of 2 between the two stations. The ratios for November and December deviate from the other months, but during these months there were less than 5 soundings at individual stations throughout the 5 years. So we omit these values in the analysis. Note that for the temporally filtered data, Kühlungsborn shows slightly higher energies than ALOMAR, specially in lower altitudes. In the altitude range of 45 to 50 km the annual mean ratio between Kühlungsborn and ALOMAR is 1.6 +/-xxx while the vertically filtered data shows slightly lower GWPED values at Kühlungsborn compared to ALOMAR with a ratio of 0.8 +/-xxx 4.2 Winter-summer ratio of GWPED To quantify the amplitude of GWPED seasonal variability, we calculate the potential energy densities for winter (December, January, and February) and summer (June, July, and August) months and the winter to summer ratio of the energy densities.
Single days from summer and winter during 2012 -2016 as well as the mean GWPED profiles are presented for both locations in Fig. 6 for vertically filtered data. In general the GWPED is larger in winter compared to summer at ALOMAR and Kühlungsborn. Additionally, the day-to-day variability is larger in winter than in summer. While the energy density decreases steadily with altitude in winter, in summer this occurs only up to 60 km (55 km) at ALOMAR (Kühlungsborn). Above this altitude the energy density is almost constant. This is due to either less dissipation in this altitude range or oblique propagation of gravity waves into the vertical column seen by the lidar. The ratio of winter to summer mean GWPED is shown in the right panel of Fig. 6 . For ALOMAR the ratio is altitude dependent and varies from 1.5 to 4. The largest values are found in the lower mesosphere where the value between 50 and 60 km is often larger than 3.5. Below 50 km value is lower than 3.0 and the mean value of winter to summer ratio between 35 -65 km is ∼ 3.3. For Kühlungsborn less variation of the ratio with altitude is obtained and the mean value of the GWPED ratio between 35 to 65 km is ∼ 2.6. We performed the analysis with the vertically filtered data as these include only gravity waves in contrast to the unfiltered data. The same analysis has been performed using the temporally filtered data (GWs with τ < 8h), but due to the almost constant potential energy density throughout the year, the winter-summer ratio is around 1 (not shown here).
Comparison between lidars and SABER
In order to put the latitudinal differences seen by lidar into a wider perspective we make use of global GW measurements. For this purpose temperatures measured by the SABER instrument are processed to yield GWPED. It is well known that satellite measurements are not similar to lidar, in neither spatial / temporal resolution nor in gravity wave analysis method. For example, due to the yaw cycle of SABER, the viewing geometry changes, and in particular at ALOMAR only parts of the months of January, March, May, July, September, and November are covered, which may affect some of the results. Fig. 7 gives an overview over the spatial variation of GWPED in the northern mid and high latitudes for winter and summer at 50 km altitude. The selection of months for the particular seasons has been slightly changed compared to Fig. 6 due to the SABER yaw cycle. Please note that for an initial overview these data are averaged for 20 • in latitude. In winter the GWPED at Kühlungsborn is nearly a factor of 2 larger than at ALOMAR. For summer, this difference is smaller, but still the mid-latitude wave activity is larger than at high latitudes. The SABER data allow to examine also longitudinal differences. It turns out that there is substantial longitudinal variation of GWPED in winter by nearly a factor of 2, both at mid and high latitudes. Even more, Kühlungsborn is located close to the zonal maximum of GWPED, while ALOMAR is at its minimum. In contrast to this, in the Alaskan sector the differences between ∼55 • and ∼70 • vanish. The mean wave activity is influenced by the typical position of the polar vortex, slightly shifted to the European sector. But a detailed analysis of longitudinal variation of GWPED is outside the scope of this paper. In summer the longitudinal variation is reduced due to the weaker planetary wave activity.
Inhomogeneities in the spatial distribution of gravity wave sources are smeared out by the variability in the wind field affecting the propagation conditions between the sources and the altitude of 50 km.
A quantitative description of GWPED seasonal variation for both locations from SABER data is given in Fig. 8 . Here we average for ±6 • in latitude and use all data of the years 2012 -2016. The potential energy density from SABER exhibits an annual cycle with minimum values in summer and maximum values in winter at both locations. When compared to Fig. 7 , the latitudinal differences are slightly smaller due to the different averaging in latitude. Overall, the values of energy density are different to the lidar data and the seasonal variation of GWPED from SABER data at both locations is comparatively large. Fig. 9 allows a direct comparison of lidar and SABER data at both locations and for the vertically filtered and unfiltered data. The GWPED of the SABER-observed waves is typically larger than the GWPED from the vertically filtered lidar data by at least a factor of 2. Examining both sites and all altitudes, only the lowest data set (35 -40 km) at ALOMAR in summer shows about the same GWPED for lidar and SABER data. Also at Kühlungsborn the GWPED from SABER data is larger than the lidar-measured values and the best agreement of lidar and SABER is also found during the summer months in the lowest altitude range. For the comparison of SABER data with unfiltered lidar data we get different results. In winter, the SABERmeasured GWPED is larger than the lidar-measured values, as it is for the vertically filtered data. But in summer the situation changes: Here the energy density observed by SABER is smaller than the GWPED calculated from lidar data at both sites and in all altitudes.
DISCUSSION
GWPED seasonal cycle for lidars and SABER
A number of publications deal with the seasonal cycle of gravity waves in the middle atmosphere at different latitudes (Rauthe et al., 2008; Mzé et al., 2014; Wright et al., 2016; Chu et al., 2018) . In this study the seasonal cycle of gravity waves from two latitudes is compared to each other as well as to satellite observations. In general, the lidar measurements show similar values and the same seasonal cycle for the two stations. Several different methods exist to extract gravity waves from lidar observations and have been applied to the lidar measurements. We found an annual cycle for the gravity wave potential energy density for both stations when subtracting a mean temperature profile ("unfiltered") and when using a cutoff filter for vertical wavelengths (λ z < 15km). These results are in agreement to previous studies. The variation of GWPED from one month to another is larger at ALOMAR than at Kühlungsborn. A possible reason for this is that ALOMAR is located at higher latitude, where the atmosphere is dynamically more active. In polar regions planetary waves are stronger than at mid-latitudes due to the larger Coriolis force, hence this has an influence on the propagation conditions for gravity waves.
The GWPED from the vertically filtered data exhibits a better agreement between ALOMAR and Kühlungsborn in magnitude and the seasonal cycle. But there are also some differences. The decrease of the GWPED with altitude between 45-50 km and 55-60 km is larger at ALOMAR compared to Kühlungsborn except for September and October. A constant GWPED with altitude implies a conservative wave propagation if the background wind is constant and no further oblique propagation is involved. Consequently, the larger decrease of the GWPED at ALOMAR during summer indicates more dissipation, larger wind effects, or more oblique propagation compared to Kühlungsborn. Also the GWPED from the temporally filtered data are similar at both locations, although the energy densities in Kühlungsborn are slightly higher than in ALOMAR. There is almost no seasonal variation visible, which indicates that those gravity waves with periods smaller than 8 h are less dissipated during summer compared to gravity waves with larger periods as from the unfiltered or the vertically filtered data. This further indicates that these medium period gravity waves must have larger horizontal phase speeds to overcome a critical level filtering during the summer month compared to inertia gravity waves from the vertically filtered data.
In principle, the latitudinal differences in GWPED between ALOMAR and Kühlungsborn are small, what is in the first place not necessarily expected as different gravity wave sources as well as the location to the polar vortex might influence the results.
For example, ALOMAR is located near the Scandinavian Mountains, while Kühlungsborn is not surrounded by any mountains.
So the influence of mountain waves should be different for both locations. However, it was shown that gravity waves are able to propagate more than 1000 km away from their source region (e.g. Eckermann and Vincent, 1989; Suzuki et al., 2013; Krisch et al., 2017) . Taking this long distance propagation into account we conclude that local GW sources play only a minor role for the wave activity in the middle atmosphere above both locations. Regarding propagation conditions, the polar night jet is expected to influence wind filtering, vertical wavelength, and wave dissipation. Due to the higher latitude of ALOMAR we expected it to be closer to the polar night jet than Kühlungsborn. However, the position of the jet is highly variable and often shifted southward in the European sector. Then, the polar vortex would have the same influence on the gravity waves above Kühlungsborn and ALOMAR. Therefore we conclude that on average the propagation conditions in winter are comparable at both sites, leading to similar GW activities. Nevertheless, individual observations might still show large differences between both sites.
The effect of major Sudden Stratospheric Warmings (SSW) on the seasonal variability above ALOMAR has also been studied in this work. Within the years 2012 -2016, only one major SSW occurred in the beginning of 2013. The central day of the 2013 SSW was 7 th of January, when the polar jet splitted completely and the relaxation time after the event lasted for almost two months (Karpechko et al., 2017) . The closest measurement to that date is from 27 th of January, i.e. 20 days after the central date. In February, we have 6 long (longer than 7 hours and less than 24 hrs) soundings, but none in March. The temperatures in the upper stratosphere and lower mesosphere were observed to be lower than the temperatures from MSISE model, while in the middle and upper mesosphere the temperature was higher than in the model (plots are not shown in this paper). The two months, January and February 2013, were selected to consider the effect of the SSW on the estimation of GWPED and hence the seasonal cycle of the five years used for this study. Although we do not have measurements during the central day of SSW, we still find a lower GWPED than the average estimated from other years in the end of January and the beginning of February. This is in agreement with previous results of gravity wave activity after a major SSWs that are followed by an extended recovery phase of the polar night jet (e.g. Ern et al., 2016) . However, this reduction did not significantly affect the mean GWPED for the ALOMAR seasonal cycle calculation. The reasons of this small influence is because only few observations were possible during the event and only one event occurred within the five years under investigation.
The comparison between unfiltered lidar data and SABER suggests that the unfiltered lidar data contains mostly large scale gravity waves with only a minor contribution of atmospheric tidal modes.
This assumption has been further investigated by estimating the temperature squared amplitudes for waves of vertical wavelengths larger than 15 km and periods longer than 8 hours. These squared amplitudes should contain the contribution of the strongest tidal modes, as well as the contribution of gravity waves with vertical wavelengths and periods in this spectral range.
Overall, the squared amplitudes in this spectral range should therefore be an overestimation of the squared amplitudes due to tides. For ALOMAR we found that the squared amplitudes in this spectral range exhibit a seasonal behavior with maximum values in winter (up to around 25 K 2 ) and minimum values in summer (of around 2.3 K 2 ). Maximum squared amplitudes of gravity waves (unfiltered data) are typically around 100 K 2 in winter, and around 16 K 2 in summer, which suggests that gravity waves are the leading contribution in the unfiltered lidar data.
Another effect that may contribute to the remaining differences between the lidars and SABER are differences in the spectral ranges seen by the different techniques. While limb sounders are sensitive to gravity waves with intrinsic periods longer than 1-2 hours (Alexander et al., 2010) , the lidar data used here contain ground-relative periods longer than 2 hours. In case of strong background winds, this will lead to a mismatch of spectral ranges due to the Doppler-shift of the ground-related periods.
Furthermore, there are differences in the temporal and spatial sampling between the lidars and SABER. On the one hand, lidars can observe only under cloud-free conditions and may therefore partly miss enhanced gravity wave activity during storm events, particularly in the winter season. On the other hand, SABER GWPED for the site of ALOMAR could be biased in months when the observation geometry changes between northward and southward, because in these months SABER views northward only during part of the time. This will affect the results in the months of January, March, May, July, September, and
November. In addition, for creating the SABER time series, GWPED has to be averaged over larger regions, while lidars observe more locally. This could be important in regions where local gravity wave sources can be expected, like the Scandinavian Alps in the ALOMAR region. In spite of these shortcomings, the results obtained by lidar and SABER show in general a good agreement.
Winter to Summer Variability
The amplitude of GWPED variability from winter to summer in ALOMAR and Kühlungsborn has been investigated by calculating GWPED for summer (June, July, and August) and winter months (December, January, and February) separately as well as the winter to summer ratio within the period of 2012-2016. This analysis is based on the vertically filtered data, including mostly inertia gravity waves with comparably small vertical wavelengths. Higher energy densities in winter than in summer are confirming the critical level filtering mechanism for explaining the annual cycle for these waves. During winter the winds in stratosphere and mesosphere are westerly allowing for propagation of gravity waves, but in summer they reverse to easterlies, so the phase speed of gravity waves will encounter a critical level filtering where their speed is equal to the mean wind, hence they cannot propagate to higher altitudes. The mean amplitude of seasonal variation in ALOMAR was estimated to be 3.3, whereas in Kühlungsborn it is 2.6. There are only few descriptions of the seasonal averaged GWPED at high-and mid-latitudes, and typically the methods for GW extraction differ from our method. Nevertheless we find our results consistent with other lidar observations at mid-latitudes (e.g. Rauthe et al., 2008; Mzé et al., 2014) . For polar regions, Chu et al. (e.g. 2018) show the GWPED for all months between 30 and 50 km at the site of McMurdo (77.8 • S, 166.7 • E) in the southern hemisphere. These data differ especially in summer from our results, with a winter-to-summer ratio of ∼ 1 to ∼ 3 (lower values at higher altitude), hinting at strong differences in the observed GW spectrum due to the particular regional GW sources.
The winter-to-summer ratios from lidar data are different from what is estimated from SABER local data. From SABER local data we calculate the ratio to be ∼ 5 for Kühlungsborn, and ∼ 6 for ALOMAR. However, the global data showed a similar winter to summer GWPED ratio as seen by lidar (∼ 3). This difference in the ratios between the local and global data from SABER is believed to be due the different smoothing in latitude of both data sets. The larger ratio of seasonal variations found in SABER local data may therefore be caused by a combination of the effects that were mentioned in section 5.1 for explaining the remaining differences between the unfiltered lidar and SABER data sets. **I am sorry, but this does not make sense to me. At the end of Sec
CONCLUSIONS
In this paper we present for the first time the seasonal cycle of GWPED from ground-based lidar at polar region in the northern hemisphere. We addressed the latitudinal and seasonal variability of GWPED using temperature data from two lidars situated at ALOMAR (69 • N, 16 • E) and added data from Kühlungsborn (54 • N, 12 • E) for comparison. Five years of data have been used for this purpose, 2012 -2016. An annual cycle of GWPED is clear in both locations, with summer minimum and winter maximum, in both unfiltered and the vertically filtered data (GWs with λ z < 15km), but not in the temporally filtered (GWs with τ < 8h). The latitudinal comparison between the two stations showed almost no difference, despite the different orographic structure and hence the GW sources at the two locations. The reason for this is still not clear, but we speculate that it might be due to the location of both stations with respect to the polar vortex. Further, we examined the amplitude of seasonal variability of gravity waves with λ z < 15km at both locations and found that winter potential energy density is 3.3 times higher than that of summer at ALOMAR, and 2.6 at Kühlungsborn. The larger potential energy density in winter than in summer is believed to be due to the critical level filtering imposed by mean background wind; gravity waves encounter a critical layer when the horizontal phase speed of the wave equals the mean zonal wind speed.
The effect of sudden stratospheric warmings (SSWs) on our seasonal cycle was found to be negligible, as there was only one major SSW in the time period considered. This event happened in January 2013, however, we do not have enough measurements during neither the central day of the event nor in the vicinity; the first measurement was 20 days later. Still, these few measurements show reduced GWPED in the stratosphere during the recovery phase of the polar-night jet, in agreement with previous observations.
Seasonal and latitudinal behaviour between the two locations has been examined also from SABER satellite data, revealing similar results. We find a similar annual cycle of GWPED, and only small latitudinal differences. The best agreement is achieved for the comparison with unfiltered lidar data. In particular, for Kühlungsborn the agreement between lidar and SABER is very good. Only the seasonal variability of SABER has larger amplitudes than the lidar data, particularly for ALOMAR. Possible explanations for remaining differences between lidars and SABER could be (1) remaining differences in the gravity wave spectral ranges observed by lidars and SABER, (2) the different treatment of atmospheric tides which, however, should not produce larger biases, (3) different temporal coverages (lidars observe only under cloud-free conditions, and the SABER latitudinal coverage changes periodically, which could lead to biases in incompletely covered months at high latitudes), and (4) different spatial coverages (lidars observe more locally, while for the SABER time series averaging over larger regions was required).
Overall, even though it is difficult to compare such different data sets, the agreement achieved between lidar and SABER gravity wave potential energy densities is quite encouraging. In the future, we are going to combine measurements with global circulation models to study the sources and the horizontal scales of the observed GWs.
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